Internet gaming disorder (IGD) is often comorbid with attention deficit hyperactivity disorder (ADHD). In this study, we compared the neurobiological differences between ADHD comorbid with IGD (ADHD+IGD group) and ADHD without comorbidity (ADHD-only group) by analyzing quantitative electroencephalogram (QEEG) findings. We recruited 16 male ADHD+IGD, 15 male ADHD-only adolescent patients, and 15 male healthy controls (HC group). Participants were assessed using Young's Internet Addiction Scale and ADHD Rating Scale. Relative power and inter-and intra-hemispheric coherences of brain waves were measured using a digital electroencephalography (EEG) system. Compared to the ADHD-only group, the ADHD+IGD group showed lower relative delta power and greater relative beta power in temporal regions. The relative theta power in frontal regions were higher in ADHD-only group compared to HC group. Inter-hemispheric coherence values for the theta band between F3-F4 and C3-C4 electrodes were higher in ADHD-only group compared to HC group. Intra-hemispheric coherence values for the delta, theta, alpha, and beta bands between P4-O2 electrodes and intra-hemispheric coherence values for the theta band between Fz-Cz and T4-T6 electrodes were higher in ADHD+IGD group compared to ADHD-only group. Adolescents who show greater vulnerability to ADHD seem to continuously play Internet games to unconsciously enhance attentional ability. In turn, relative beta power in attention deficit in ADHD+IGD group may become similar to that in HC group. Repetitive activation of brain reward and working memory systems during continuous gaming may result in an increase in neuronal connectivity within the parieto-occipital and temporal regions for the ADHD+IGD group.
INTRODUCTION
Today, Internet access is available almost everywhere in daily life. Internet game playing is inextricably linked to Internet entertainment activities. Thus, excessive Internet game play has arisen as a meaningful issue influencing daily life (1, 2) . Due to these concerns, the Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition (DSM-5) defined losing control over Internet game playing as internet gaming disorder (IGD), a new psychiatric disorder requiring further research, as explained in section III (3) .
A number of psychiatric comorbidities have been consistently associated with IGD, such as attention deficit hyperactivity disorder (ADHD), major depressive disorder, and social anxiety disorders (4, 5) . ADHD seems to be a factor predicting loss of self-control associated with excessive internet game play, which may disturb an individual's daily life (6, 7) . Ha et al. (8) reported high psychiatric IGD and ADHD comorbidity in Korean children.
Quantitative electroencephalography (QEEG) has been widely used to identify distinctive electrophysiological signatures associated with various psychiatric disorders (8) . These measures are divided into 2 types. One is spectral analysis of absolute and relative electroencephalography (EEG) signal power. This provides information regarding amount of brain activity in different frequency bands, including delta (0.5-3.5 Hz), theta (3.5-7.5 Hz), alpha (7.5-12.5 Hz), and beta . The other is coherence analysis, which quantifies the inter-dependence or statistical correlation between different EEG channels to estimate functional connectivity between different cortical areas in the time domain (9) .
Various studies have investigated QEEG features to discriminate between ADHD and healthy controls (HCs). In ADHD, an increase in the absolute and relative power values of the theta band, especially in frontocentral regions, is the most replicated result in QEEG spectral analysis (10) (11) (12) . In addition, increased spectral power value for the delta band in ADHD is commonly reported in ADHD (10) (11) (12) . Otherwise, spectral power of the alpha and beta bands is reduced in ADHD patients compared to HCs (12) . Lastly, increased theta and decreased beta power, which is summarized by the theta/beta ratio, is the most widely replicated QEEG finding in ADHD patients (10, 13) . The theta/beta ratio for clinical assessment in ADHD patients has been comprehensively investigated (12, 13) . One of the most replicated EEG coherence findings in ADHD patients is an increase in the inter-hemispheric coherence of the theta band in entire brain regions (14, 15) . In terms of intra-hemispheric coherence, researchers have discovered meaningful left-hemisphere functional connectivity deficits in ADHD patients in low-frequency bands, including theta and delta (16, 17) .
Recently, studies have investigated IGD neurophysiological features using QEEG spectral analysis (18, 19) . Compared to HCs, decreased absolute beta power and increased absolute gamma power were seen in IGD participants (18, 19) . Greater absolute gamma power was significantly correlated with IGD symptom level (19) . To date, there have been few studies on QEEG coherence analysis in IGD.
So far, neurobiological characteristics of IGD has not been well studied. In addition, there have been few studies to investigate QEEG findings to differentiate between ADHD adolescents and those with comorbid IGD, despite the high comorbidity between IGD and ADHD. Therefore, in this study, we aimed to investigate whether ADHD comorbid with IGD (ADHD+IGD group) or ADHD without comorbidity (ADHD-only group) showed any QEEG profile differences. We wanted to identify neurophysiological features supplying significant clues to the neurophysiological mechanism of IGD per se as well as IGD+ADHD comorbidity.
MATERIALS AND METHODS
Study participants ADHD+IGD group (16 male patients; mean age, 14.6 ± 1.9) and ADHD-only group (15 male patients; 13.7 ± 0.8) agreed to participate in this study. All patients visited the Department of Psychiatry at Chung-Ang University Medical Center. All participants were screened through an interview assessing their attention, impulsivity, and hyperactivity, as well as Internet game playing patterns. All participants completed the Korean ADHD Rating Scale (K-ARS) (20, 21 ) and Young's Internet Addiction Scale (YIAS) (22) . A structured clinical interview was conducted by psychiatrists based on the Structured Clinical Interview for DSM-5, Patient Edition, Clinician version (SCID-5-CV) (23) . In addition, incorporated information from as many sources as were available. The interview included a description of the presenting problem and a medical history given by a parent or guardian, a physical examination, assessment for neurological soft signs, review of school reports for the past 12 months seeking behavioral/learning problems, reports from any other health professionals, and behavioral observations during the assessment.
The inclusion criteria for the ADHD+IGD group were as follow: 1) Children and adolescents aged 10-17 years; 2) Diagnosis of ADHD-combined type, which included hyperactive, inattentive, and impulsive behaviors based on the SCID-5-CV (23); and 3) Satisfied the criteria for IGD based on DSM-5 section III (3) .
Inclusion criteria for the ADHD-only group were as follow: 1) Children and adolescents aged 10-17 years; and 2) Diagnosis of ADHD-combined type based on the SCID-5-CV (23) .
The exclusion criterion for the ADHD-only group was YIAS score > 50, which indicates comorbid problematic game playing. Exclusion criteria for all groups were as follow: 1) K-ARS score < 18; 2) A history or current episodes of any SCID-5-CVbased psychiatric diagnosis including major depressive disorder and anxiety disorder, commonly comorbid with IGD, or in addition to ADHD; 3) Severe medical illness; 4) Past or current substance use disorders; 5) Psychotropic medication including psychostimulants during the last month; 6) History of problematic prenatal, perinatal, or neonatal period, consciousness disorder, head injury with cerebral symptoms, history of central nervous system diseases, convulsions or history of convulsive disorders, paroxysmal headaches or tics; or 7) A low IQ (Korean-Wechsler Intelligence Scale for Children IV score < 70, Korean-Wechsler Adult Intelligence Scale IV score < 70).
HC group (mean age, 14.4 ± 1.7) included 14 male participants between the ages of 13 and 19 years who were age matched with the ADHD+IGD group and ADHD-only group. The HC group consisted of children and adolescents from local schools and community groups. All participants in the HC group were free of neurological or medical disease/history, had no history of head injury or drug or alcohol abuse, were of normal IQ, showed evidence of adequate functioning at home/school for the past 2 years, and had not taken any prescribed medication for at least 90 days prior to evaluation. Children were also excluded if spike wave activity was present in the EEG.
Measures
Participants were assessed with YIAS, K-ARS, and QEEG using a 21-channel digital EEG system.
Clinical symptom measures
The YIAS consists of 20 self-evaluating questions, each scored on a 1 to 5 ("rarely" to "always") scale. YIAS scores above 50 were considered to reflect problematic Internet use (22) . The K-ARS is a scale for ADHD symptom severity composed of 18 items (9 items for assessing inattention and 9 items for assessing hyper-https://doi.org/10.3346/jkms.2017.32.3.514 activity) scored by interviewees as 0 to 3 ("never or rarely" to "very often") (20, 21) .
EEG measurement
EEG data was collected using a 21-channel CMXL-P230 EEG system (Grass-Telefactor, West Warwick, RI, USA). Data were acquired from 19 electrodes placed on the scalp based on the International 10/20 system: Fp1, Fp2, F3, F4, F7, F8, Fz, T3, T4, C3, C4, Cz, T5, T6, P3, P4, Pz, O1, and O2. Two additional electrodes were placed on the ear lobes: A1 was the ground electrode, and A2 was the reference electrode. EEG amplifiers were bandpass filtered from 0.5 to 46 Hz, with a 60 Hz notch filter. Electrode impedance was maintained below 5 kΩ. Data sampling frequency was 256 Hz.
All EEG acquisitions were conducted by 1 technician in an electrically shielded EEG room in the Department of Neurology at Chung-Ang University Medical Center. Participants sat on a comfortable chair with closed eyes and were instructed to remain awake during EEG acquisition. EEG recording lasted for 10 minutes.
EEG data processing
First, epileptic discharges and other abnormal findings were evaluated by a neurologist, and the applicable participants were excluded. For analyses, 300-second EEG data periods with artifacts removed were extracted from raw data. EEG data analysis was performed with NeuroSpeed software (Alpha Trace Medical systems, Vienna, Austria). Relative power was calculated for delta (0.5-3.5 Hz), theta (3.5-7.5 Hz), alpha (7.5-12.5 Hz), and beta (12.5-35.0 Hz) bandwidths. Inter-hemispheric coherences for each frequency band between right and left hemisphere homologous sites were calculated for the following 8 pairs: Fp1-Fp2, F3-F4, F7-F8, C3-C4, T3-T4, T5-T6, P3-P4, and O1-O2. Intra-hemispheric coherence for each frequency band was also evaluated between the following 18 pairs: Fp1-F3, F3-C3, C3-P3, P3-O1, Fp1-F7, F7-T3, T3-T5, T5-O1, Fp2-F4, F4-C4, C4-P4, P4-O2, Fp2-F8, F8-T4, T4-T6, T6-O2, Fz-Cz, and Cz-Pz.
Statistical analysis
Demographic characteristics including age, education years, illness duration, YIAS score, and K-ARS score for the three groups were analyzed using one-way analysis of variance (ANOVA). Differences in inter-and intra-hemispheric frequency band coherence between groups were also analyzed with a one-way ANOVA. When at least 1 group showed statistically significant differences, pairwise comparisons were conducted. The Bonferroni correction was used for these post hoc analyses. Finally, correlation analyses were conducted to assess associations between each clinical scale score (YIAS and K-ARS) and QEEG values (relative power values, inter-hemispheric coherence values, and intra-hemispheric coherence values). All analyses were performed with SPSS 23.0 software (SPSS Inc., Chicago, IL, USA) and statistical significance was set at P < 0.05.
Ethics statement
The present study protocol was approved by the Chung-Ang University Hospital Institutional Review Board (C2014159). Informed consent was submitted by all subjects when they were enrolled.
RESULTS

Demographic characteristics
There were no significant differences in age or education years between the ADHD+IGD group, ADHD-only group, and HC group ( Table 1) . The mean YIAS score in the ADHD+IGD group (mean ± standard deviation [SD], 61.1 ± 17.8) was higher than that in the ADHD-only group (26.5 ± 5.8) and that in the HC group (18.6 ± 7.3; F = 55.94, P < 0.001). Mean K-ARS scores for the ADHD+IGD group (mean ± SD, 32.4 ± 11.3) and ADHDonly group (30.9 ± 7.1) were significantly higher than for the HC group (4.6 ± 2.3; F = 55.39, P < 0.001) ( Table 1 ). There were no significant differences in mean K-ARS score between the ADHD+IGD group and ADHD-only group.
Spectral analysis for relative power by band
The relative power values of the delta band in temporal regions were significantly greater in the ADHD-only group compared to the ADHD+IGD group (F = 4.46, P = 0.018; Table 2 ). The relative power values of the theta band in frontal regions were signi- Demographic and clinical characteristics were analyzed using ANOVA and independent t-test; Post hoc comparisons were carried out using Bonferroni correction; Data are presented as mean (SD); Bold font indicates statistically significant group differences. ADHD = attention deficit hyperactivity disorder, IGD = internet gaming disorder, ADHD+IGD = ADHD comorbid with IGD group, ADHD-only = ADHD without comorbidity group, HC = healthy control group, YIAS = Young's Internet Addiction Scale, K-ARS = Korean ADHD Rating Scale, ANOVA = analysis of variance, SD = standard deviation.
https://doi.org/10.3346/jkms.2017.32.3.514 Relative power values were analyzed using ANOVA; Post hoc comparisons were carried out using Bonferroni correction; Data are presented as mean (SD); Bold font indicates statistically significant group differences. EEG = electroencephalography, ADHD = attention deficit hyperactivity disorder, IGD = internet gaming disorder, ADHD+IGD = ADHD comorbid with IGD group, ADHD-only = ADHD without comorbidity group, HC = healthy control group, ANOVA = analysis of variance, SD = standard deviation. ficantly higher in the ADHD-only group compared to HC group (F = 3.68, P = 0.034). The relative power values of the beta band in temporal regions were significantly lower in the ADHD-only group compared to the ADHD+IGD group and HC group (F = 6.96, P = 0.002). In addition, the relative power value of the beta band in the temporal area was positively correlated with K-ARS score in the ADHD+IGD group (Pearson's r = 0.556, P = 0.025). There were no significant relative delta, theta, or alpha power differences between the 3 groups in the whole brain.
Coherence analysis
Inter-hemispheric coherence
Theta band inter-hemispheric coherence between F3-F4 (F = 5.86, P = 0.006) and C3-C4 electrodes (F = 4.94, P = 0.012) was significantly higher in the ADHD-only group compared to the HC group (Table 3 , Fig. 1 ). There were no significant associations between YIAS and K-ARS scores and inter-hemispheric coherence for any EEG frequency band in each group.
Intra-hemispheric coherence
Intra-hemispheric coherence values of the delta band between P4-O2 electrodes were higher for the ADHD+IGD group compared to the ADHD-only group (F = 8.29, P = 0.001; Table 4 , Fig.  2 ). Intra-hemispheric coherence values of the theta band between P4-O2 (F = 10.09, P < 0.001) and T4-T6 (F = 6.63, P = 0.003) electrodes, of the alpha band between P4-O2 (F = 12.39, P < 0.001) electrodes, and of the beta band between P4-O2 (F = 9.76, P < 0.001) electrodes were significantly higher in the ADHD+IGD group compared to the ADHD-only group and HC group. Intrahemispheric coherence values of the theta band between FzCz electrodes were higher in the ADHD+IGD group and AD-HD-only group compared to the HC group (F = 6.30, P = 0.004). Intra-hemispheric coherence values of the theta band between F4-C4 electrodes were higher in the ADHD+IGD group compared to HC group (F = 6.06, P = 0.005).
In the ADHD+IGD group, YIAS score was positively correlated with intra-hemispheric theta coherence (Pearson's r = 0.677, P = 0.004) between Fz-Cz electrodes. In the ADHD-only group, https://doi.org/10.3346/jkms.2017.32.3.514 The intra-hemispheric coherence values were analyzed using ANOVA; Post hoc comparisons were carried out using Bonferroni correction; Data are presented as mean (SD); Bold font indicates statistically significant group differences. ADHD = attention deficit hyperactivity disorder, IGD = internet gaming disorder, ADHD+IGD = ADHD comorbid with IGD group, ADHD-only = ADHD without comorbidity group, HC = healthy control group, ANOVA = analysis of variance, SD = standard deviation. Table 3 ). ADHD-only = attention deficit hyperactivity disorder without comorbidity, HC = healthy control. Fig. 2 . Intra-hemispheric coherence comparisons between ADHD+IGD and ADHDonly groups. Intra-hemispheric coherence values for the delta band between P4-O2 electrodes were higher in the ADHD+IGD group compared to the ADHD-only group (F = 8.29, P = 0.001, solid line). Intra-hemispheric theta band coherence values between P4-O2 (F = 10.09, P < 0.001) and T4-T6 (F = a6.63, P = 0.003) electrodes, for the alpha band between P4-O2 (F = 12.39, P < 0.001) electrodes, and for the beta band between P4-O2 (F = 9.76, P < 0.001) electrodes were significantly higher in the ADHD+IGD group compared to the ADHD-only and HC groups (dotted lines) (see Table 4 ). ADHD+IGD = attention deficit hyperactivity disorder comorbid with internet gaming disorder, ADHD-only = attention deficit hyperactivity disorder without comorbidity, HC = healthy control. YIAS score was positively correlated with intra-hemispheric beta coherence values (Pearson's r = 0.519, P = 0.047) between P4-O2 electrodes. Lastly, both ADHD+IGD group and ADHD-only group YIAS scores were positively correlated with intra-hemispheric delta coherence (Pearson's r = 0.468, P = 0.008) between P4-O2 electrodes, for theta between P4-O2 (Pearson's r = 0.546, P = 0.001) and T4-T6 (Pearson's r = 0.406, P = 0.023) electrodes, for alpha (Pearson's r = 0.535, P = 0.002) between P4-O2 electrodes, and for beta (Pearson's r = 0.636, P < 0.001) between P4-O2 electrodes.
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DISCUSSION
In this study, differences in QEEG features were evaluated between ADHD+IGD group, ADHD-only group, and HC group by analyzing relative power and inter-hemispheric and intra-hemispheric coherence to find whether IGD comorbidity with ADHD was distinguishable from pure ADHD and cognitively healthy adolescents. In this study, ADHD+IGD group showed lower relative delta band power and greater relative beta band power values in temporal regions compared to ADHD-only group. Relative theta power in frontal regions was significantly higher in the ADHD-only group compared to the HC group in this study.
In previous ADHD studies, an increase in relative theta and delta power as well as theta/beta ratio has been commonly reported (9) . In addition, a decrease in relative alpha and beta power has been also reported (11, 24, 25) . In addition to the increase in theta/beta ratio (15) , a decrease in beta activity (26) and an increase in delta activity (27, 28) have been interpreted as cortical hypoarousal during information processing, particularly in cognitive and attentional tasks. However, in this study, there was no significant difference in relative beta power between the ADHD+IGD and HC groups. In addition, in contrast to the AD-HD-only group, relative theta power was not significantly different between the ADHD+IGD group and HC group in this study.
Beta activity increase tends to reflect brain cortical activity enhancement (29) . In a previous QEEG study, methylphenidate treatment resulted in an increase in beta power in centro-parietal regions, which was correlated with behavioral and cognitive symptom improvement (30) . It has been suggested that video game playing might stimulate synaptic dopaminergic transmission similar to methylphenidate stimulation in ADHD, which could result in attentional capacity enhancement (31) . Therefore, Internet video game playing might be a means of self-medication in IGD patients with attentional problems (31) . In fact, in this study, relative beta power in temporal regions was positively correlated with ADHD symptoms severity in the ADHD+ IGD group.
Taken together, these results cautiously suggest that greater vulnerability to attention difficulties seems to be correlated with Internet game play to enhance attentional ability. In turn, relative beta power in attention deficit was similar to that in healthy adolescents. In this study, theta band inter-hemispheric coherence values in frontal and central regions were significantly greater in the ADHD-only group compared to the HC group in this study.
In spite of the inconsistent results of previous studies, one of the most common findings is that ADHD children show increased inter-hemispheric coherence in theta bands throughout entire brain regions (14, 32) . This is thought to reflect widespread ADHD deficits in hemispheric specialization (14) . Barry et al. (14) have suggested that density increase in short neuronal fibers during normal brain maturation might result in coherence decrease between right and left hemispheres. The reason for coherence reduction seems to be complexity and competition between neurons during maturational processes (14) . A recent fMRI study has reported that atypical default mode network connectivity in ADHD patients, including both greater and lesser functional connectivity, might indicate failure of the maturational processes (33) . In the present study, the ADHD+IGD group showed no theta band inter-hemispheric coherence differences in frontal and central regions compared to the HC group. This suggests that continuous game playing induces complex competitions and interactions between inter-hemispheric neurons.
A previous functional neuroimaging study has reported that IGD severity was positively correlated with reactivity in right medial frontal and right parahippocampal areas in response to gaming cues (34) . These regions showed high reactivity in response to gaming cues related to the brain dopaminergic reward system (34, 35) . In addition, several functional neuroimaging studies have suggested that Internet gaming stimulates corticostriatal-limbic circuitry in participants with or without IGD (34, 36) . The dorsolateral prefrontal cortex and temporoparietal junction, which play main roles in working memory, are significantly stimulated by gaming cues (34) .
Taken together, these results indicate that repetitive activation of the brain dopaminergic reward system and working memory system during gaming induce complex competitions and interactions between inter-hemispheric neurons, which is reflected in a decrease in theta band inter-hemispheric coherence in frontal and central regions.
In this study, delta, theta, alpha, and beta band intra-hemispheric coherence in parieto-occipital regions were significantly higher in the ADHD+IGD group compared to the ADHD-only group. Increased right medial parieto-occipital intra-hemispheric coherence in the ADHD+IGD group might be associated with a continuous gaming stimulus. In the same context, IGD symptom severity evaluated by YIAS was positively correlated with delta, theta, alpha, and beta band intra-hemispheric coherence in parieto-occipital regions in the ADHD+IGD group in this study. Visual information from the occipital cortex during Internet gaming is sent to parietal association areas, including the parieto-occipital junction, where cognitive memory processing and motor activity are integrated (37) . During this process, the medial parieto-occipital junction plays a central role in visuomotor information processing (38) . Therefore, consistent activation of visuospatial working memory during Internet gaming can increase intra-hemispheric coherence in the right medial parieto-occipital area.
Intra-hemispheric theta band coherence in temporal electrodes was higher in the ADHD+IGD group compared to the HC group. As stated above in the inter-hemispheric coherence https://doi.org/10.3346/jkms.2017.32.3.514 section, Internet game play stimulates the working memory circuit including connectivity between the dorsolateral prefrontal cortex and temporo-parietal junction (5) .
In summary, repetitive visuospatial working memory and executive function activation during Internet gaming can cause an increase in neuronal connectivity among the parieto-occipital, fronto-central and temporal regions, which is reflected in an increase in inter-hemispheric coherence in those regions.
There are possible limitations in this study. First, sample size was quite small. Second, the cross-sectional design cannot establish whether altered connectivity in ADHD+IGD group compared to ADHD-only group is an IGD state or trait marker. Third, clinical symptom severity was established via self-reports scales, not by clinicians. Finally, although there has been solid evidence of their correlation with real neuronal activity, signals from each EEG scalp electrode might reflect summed brain activity from various cortical regions beneath the electrode (39, 40) .
In conclusion, the ADHD+IGD group and ADHD-only group showed QEEG profile differences providing clues to understand the neurophysiological mechanisms of IGD per se and IGD comorbidity in ADHD patients. We cautiously suggest that those who have greater vulnerability to attention difficulties seem to continuously play Internet games as a subconscious means to enhance attentional ability. Repetitive activation of the brain's dopaminergic reward and working memory systems during continuous game play might induce complex competitions and interactions between inter-hemispheric neurons, which is reflected by a decrease in inter-hemispheric theta band coherence in frontal and central regions. Additionally, repetitive visuospatial working memory and executive function activation during continuous Internet gaming might cause an increase in neuronal connectivity within the parieto-occipital and temporal regions.
DISCLOSURE
